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C. W. SWIFf/Nucleation an~ Crowth of 3He-B in ‘He-A

Nucl-tion and Crowth of ‘He-B in ‘rh-A

C. W. SWIFT ANTJ D S. BUXMAN”

(rh’densetf titter ●nd Ther-ml Physic. Croup, Lo. Alemos N. I1oM1 Inboratory,
Los Akmos. New Mexico 87545 USA)

The ‘P* A + B transition is remrkable for m number of raasons Because of the snmll bulk free
enerm difference between tha two pksrs, the probwbillcy of homogeneous therwml nucleation of (he
B phase is vanish ingly s-l]. Tbus thw experi~ntal fact chat the B phse nuclea Les readily from
the A phase is not understood The A + B transition 1s also rmrkable in thmt when i[ occurs
a!ter coollcg from ●bove the crlt t-1 temperature, lt occurs in an c+xtrm state of supercooling
knoen as hypercooling In this situatton, the velocity of propagation of the A-B phase inter facr
is controlled by microscopic phe~nm rather tb by therwml diffusion We briefly review our
recenr work on both these topics, including [he veloclty of propagation of rhe A-B interface
through hypwrcooled aHe-A, ● srnrch for cosmic-ray-!nduced B-ptu$e nucleation, ad preliminary
observations of B-pluMe nucleation locations and tempcrature~

1 ON: UfAJfY A-E !~
Of all the first-order phase transitions thmt

occur in mture. the % A + B transition 1s among
the most rewwtrkable The ‘He A-B interface pro-
vides us with a boundary ktween two emcrosc~.pic
quanta states having d!fferent ●ynrnetrles The
stationary A-B tnterfaclal surface tension is a
consequence of the apatlslly smooth trs.nsitiot~
between the 4- and B-phase ord~r ~rame~ers that
takes plttcr at this bo~n&ry Tliis surface
tension ems originally measured b~ Osheroff and
Gomr [1] and lnterprered by them [2] end by Iinul
and Kleincrt [3], ~re recently, $chopok. ] [4] has
calcu; a!ed the surface tenoion more accurately
Other recent work on the stat iorury A-B irtterfmcr
frtcludes Yip’s [5] theoretical studies of thr
Kapitza reslstartce of the A-B interface UK! of
Chamger-llke rela: lot-m coupling heat flow through
the lntprfmce wi!h the preosur? dlff~rence across
th+ lnte:face, and Salormo’s [bj ~heor*ttcal st,udy
of the topology of ●notlc vortices terminating on
m rotating A-B tnterfacc

LJKM2Yif!%A-B IfflXL! E
Th@A . B trmnsltion !~ S]SO rmr~b]~ !n

that it ●whtbttn ●tttre~ly barge supercooling
Vhen ?h~ A + B transition tmltes plnr~ •f~~r
cool lrte from nbmv- tho auperf!utd !rens!tlon

taq=rmture, it occurs -I m very IOU redured
temparr.~!ur? Tn/fM, wh~re Tn is ● nucleation

teqmrature
‘AR

1s ih~ equl}ibrium, thernxxf~ir

trartslt ion tenrpetatur~. ~ti both ● re funct lono of
presmure At comumly observed vmlueo of 7,, th~

adiohtlc teeprrsturc rice for the A + B ptutoe
trarrnft ion, U(’. whe!r 1 Is the latent bent of [he
tranoiti(.n per unit VOIUM and C is the a~ctftr
haat per I.Inlt VOIUIW, !s ret-h less than the
terrperaturo diff~rence T - 1 Inthd af meltinu

bt
preesur~ U(’ is ●bcu! If) pK while we have obs~rvwl
Vmluos of lM - Tn in 9xc’QS* of 400 ~ fic~l *

rnterlml 1s said to have been hypercoolwd
supercooled on far below the wquil!br!um
trarmtilon tamper atur*, with nucl*all On ● t 1

that C(TM-Tn)/I > 1, Wbilc h~rcwoltrrg k: Lwel)

observod in other mt~rlslm [/j. the A + B

w —— .-—.
Now mt BttxrmgttrIIir lm’hnol~lem. tll( , SmI l)I?K,I

CA 92121

transition in ‘He is also remarkable in tht far
greater degrees of hypercooling can bw observed in
it than in mny other ●ubs~ce.

For ordimry cupercoollng, where C(Tm- Tn)/L

< 1, the velocity of propagation of the inter fac~
between two pbses is determined by straight-
forward ther-1 considerations [8J, lnvoivlng the
diffusion of the latent heat of th~ transition
away from the interface But for h hypercoolrd
transition the latent heat can be ●bsorbed loca, iy
by the ttaat t+mcity, ka thmt some other mechs.nism
mist limit the velocity of propagation, We hmvr
measured the veloclt ~ of A-B interface propag~t ion
through hypercooled He-A to be WIS large as
67 Cd-, For the caar of an A * B trnnsitjon in
●upercoolad ‘He ● preliminary calculation [9]
●stirnted the themlly limited velocity of
pro~tlon to k ~, 0.05 ctis

For measurements of the velocity of propn
~t{on vu, our experimental cell ums L hea~-

nlled ●powy vessel with a . ,. .I o~n column for
‘He, ●hewn in FIE. la, ●nclooed in u nloblum-
shlelded tower of 22 m inside diamter Th*
velocity of pro~atton of th? interface in the
coluwm could be maasured by smgnetlc means, ● s !hr

~~tlc ●usceptiblltty of the B phase 1s I*R*
t)m that Of th~ A ph5? T%. coiunm kd (+r.r
●ections of diameters 3.2, 1,6, and G 8 mm tr, !r)
to invest t~!c the dependence of the v~lor IIy nr,
_croscoplc dimmsions. ‘h priaairy cofI of !hr

~)etw~er consisted of two iayers of rionrlv
wound (Wq.urr-dtam Nb-Tl wlr~ Tlw serondnry cnllh
corrc!oted of three ●emll mstaticall~ wound pmrm
Md* of the aam w!re and conn~rted in scrle~ to
the .ignal COII of ● fX)U1f) on- patr pet s~tttt)tl
of the Colunwl }urth~r detalis of th~ •ppnrntlj~
call bo found tn ref 10

At th- boItoM of the CO IUMII wws •nt~tt)rr
eupercondurtlng [011 with ● .rentr.l flrid ~,f II l’,
T/A 7%1s coil providod ● “vmlve” fteld whitl,

●l~owed precise control of th~ nurioat ion prote~~
fro IIW COIUIIW) T%- equlitbrturn traostt!t)t,
tewrpermture ?M ts ●trongly suppressed by a

-~@t~e fl~l~l fa!ltttg to a~to twwrpraturc at
●botlt (1 n 1 mtls, ttw Inlrmduction of ttw Vnlv@

~“t~~ field ~~w--rl thnt part of th~ rril )!1

cludirtg ttw tllrresmwtrt , In clomr tbermtl rotltnt \
with the etrv!or and thnt ~rt cwmpris!ttg thr
~-towtcr S?pmrntmi ttw rell Ittto two reglrll~
thmt below th* Valv? flsl{l, :t,, I, Jrlll@ the sitllel
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Fig 2. Maasured A-B phase -rron! velocity
squares, 33 6 -ri, 10 mT, trjmngles,
297 krs, 10 ❑T: crosnms. 24 5 bnrh, 2(1
ml: and lozenges, 297 tmru, 40 m? Tt,r

mwasuramenlm shown we-c obtained ror !hr
bo!lom (larCe d!mrwter) ●ect Ior, of (hr

columm, and, we Iwlieve, hove ? in ltIr

plan- of the in(erfmce beausr of (;w
appl led ~etic field The upper nnd
lower nolld li:~o are Ik values

-
-Iculatod by Ylp and hgge!( for ?
rospecrlvely nrrrrnl and ~rallol to rhr
planr of the phase kundary T% dm5’lrd
llne ●hews qualitatively IEC behuvinr
prmdlc(od by 6al~
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in the A-phase; the possibility of undcrclamprd

in!erfacial waves a~ very low te~erarures, whcrr
the interfaciai inertial rmss. of the order of
10-’a~:/cm2, tshould dominate the dissipative

Andreev reflection pro;esses; a s{rong pressure-
dependence of VM near the ~lycrl tical point; and

dominance of ~ir breaking over Andrecv reflection

as the velocity-limiting rwechcrnism at very low
temperatures, where v ~ becomes comparable [o the

Fermi velocity.
Very recently, Salormn [12] has predic(ed

addicionnl interesting characre-isrir. of ~hc

moving A-B interface. Using o-try nnalysis and

numerical computations, he calculates the spu[ial
dependence of the order paramc~er within tht=
interface In detail, and predicts a texrurril
transition wilhin Lhe lnterfacr at v *=6c&s,

shlch he assoclares wi(h [he rapid increases In

‘A6
tlui( we observed (c,f FiIz. 2) below TflM z

0.S. He alao predicts that. at lower terrrpera(ures

and higher velocities. a new dissi~tion mechanism

should dominate Andreev scattering the emission
of ●table phame-mlip plane excitations from the
moving boundary.

2 ~ FAT]ON M’FCHAJlswj
Onr of the rnns[ rerrmrkablc aspcts of the A +

B trrmsit ion is [haI i! oct-urri al all This plulse

transl[ion 1s of f!-s! order, with an ●xcrcdlnglv

srm! 1 bulk frer rnrrgy differrncr lw~wern thr !wt~

pkses Becxsusr of this ●rrnll free ●nrr~ rllf-
ference. !h~ ●ner~ of forrrmtlon of a critlcnl
olzed bubblr of ‘11P-B in ‘l{r-A, according to
claastcal nuclea(lon theory [13] and firm!

estinmted by Kaul and Klelner! [3],
1s %bble

2

iO’kBT. and [he theoretical protmbill(y of homo-

geneous rhrrrml nilrlers! inn, which irr propnr!lnw,l
/-kl),‘0 ‘~(-F~ubble ,, is very roughly a hund, -ri

f@H-E~~Mr ¤~ller tl’um the obmrrved
nuclentlon rate. T-hum th~ obvlouq ●::~rlwntnl

[ari rlust the B ph,am- deem nurl~t- from ¤u~r.

coolwd A pharn- I- not undrrs!ood n! al] Vnrlrrus

ml(errute nurlmnllon wckismn, ra~lng from

fmthologlcnl dlstnrtlon of th~ ord?r prnmtrr
nmar Ltoundarlem to now h-r~loforr unl~inrrt flrtw
in o!r und~rmts.ndl~ pf th~ ntntlstiml mrhwnlrfi

of w4tr-ly fmprolmtsl* prcrcesmcrn, bv~ been ●uu-
Kcstwd; IXJI not-m of th~o~ mchanismn hns •~mwd

prolmbl~ ●lough to find u~rwrnl ncc~ptanr- mm m

o~pluutlon of Ihe ntl(’lrn!inn pu771e
A v~ry nnvrl nlterr-mtlve nuclmt ion mrrtwsntrnrn

wns propomrd r~retltly hv lqLEet[ [1~] Ile Sllg

g~sted !hnr !h~ nurlrrsltnll of IIW B phase from Illr

m!nmtnhlr A phnme lm ~.nilrnrd hv !Im psmnnur of n
cosmic rny thrnugll !he “}lr mrsnrplr l%e rnnml{ rny

prduc~s A •l~rlrnnn nl{ww Iln ptth nnd ●ill h

●let iron qolcklv d~ponlls Itn •tler~y an hwnt III n
“flr~lmil” if) ttw hrl iurn, WIIII n rndllln of n f-w

hundrml mrtgmtromm 1~-tt rmllrcd lhAt thr

flrelmll would nnt rwach th~rml qtllllbrlurn ●lit,
thr r~sr of the fluid through ordllmry dlff,.)nloll
of h-i. kraum- !Iw qunsl~rrlrl~ wrl frre PIIL

in ‘H- fs on~ to two rrrd~tm of srtgnltudr Inrurt
thn th rsdltlc (If lh~ (Iretnll (tirln*q\l-lllly, tlr

predicted Ihnl , ● ! ●m Ilm Ssrl@l Itn rormt toll,
thm flratmll wm~lld hnvm !I)- “linked Alnrnkm”
pro~rty it WOIIIC! have m IM,l (IMII {,nolltIK)

splwriral S})*I I prt~~~ntlng n!lrwnrrl nt II-HI IV thr

Fcrml velocity. surrounding a sphere or liquid at
●ssrnrlally [he ambient liquid temperature, Thr

e-ding hot shell cOuld protec( Mscent B pbsc
inside it un[ll the critical bubble radius was
exceeded, so thut the B phase could then ex~md (o
fill the ●xperimental cell,

We u~derrook to check kggett ’s hypothesis,

(O see if [he ~ssagc of cosmic rays through a

supercooled ‘He-A Fanrple caused the nucleation of
3He..B Basically. we sandwiched a snull sample or
‘He between two particle de~ectors that could

de(ec[ cosmic rays. as shown in Fig. 3, The ‘He
nucleation sample wa {solated from mosr or Lhe
‘t-lr in th~ cell by a ,C ion of high mm,g-netic
field Magne[om+rers on the helium sample could
dc[ect the A -B phnse transition. Repeatedly. wc
cooled the aHe from above the superfluid trm-
sltion terrqxraiure through the A ~ B transition

(slowly ●nough to ensur~ that [he sample rempera-
rurc wns unirorm to about 20 @(). monitoring the

~@elO~ter -d thr two ~rticle detectors,
looking for three-troy coincidences indicnrlng the
passngr of a cosmic ray through the sample coinci-
dent mith the nuclmt ion or aHe-B, After moni-
toring 537 A + ~ (rW.IlslLiOnS at 30 bar In this

-Y . we Imd observed a statimti~lly insi~lfimr,r
numkr of coincidence, ●uggestlng tha( cosmjc
rays were not racponmible for nucleation of the fl
plmae

However, we cannot definitively rulr out ~
cosmic-ray-related nuclaatlon wchnnlsms, The

logic of this concluelon goes am follows Becnusr
of the ~eormtry of the sample and partlclc de-
tectors, the angular distribution of incldrnl
cosmic rays, ● tc. , we can ca!culatc tho( we de-
tected 343% of the cosmic rays that hit the ‘HP

~le. If horrmgeneoum, bulk conmic-ray-induced
nuclmatlons were ras~noible for ●ll A -I B
transitions in our ~]e, we would )lgve deteLl@d

.30X of ●uch nuclentionm in coincidence xitl) ttlr
cocmlc rays we could observe, an ersblly dln-

timlisi=’o)p ●igm). !% wc ~ rule out homf}
gen~ous cosmic-ray-induced nuclnmtlcn ns orlKlrj

ally proposed hy Le~rtt HowPvrr , our dntn

I ,,
.,,
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.— ,-
;1 ..? .:

c“~,g; I
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camot eliminate the pssibiliry [hat cosmic rays
could k necessary and sufficient to add ?ncr~ In
the vicinity of a surface imp.rrfec~ion or lcxtural
singulnrlty. cnuslng nuc!ention at fiuch sites
only. Such EIC*S could have been concentrated in
the regions of o~r ~le not covered by [he
psrticle dstectorn, ●o tkt we would never have
detected the commlc rays tbt triggered nuc-

lantlons mt theme cites.

4, NrXLIATIC?I WTJ.GM
This lads u- to consider the lomt ions of

nucleation sitmc. Figure 4 illustrates how we

determined nucleaclon Iousttono in the simple
-eovetry of the VM apprarus. b-tions were

determined by manuring the relative timi~ of the

~eti=tion-c~e ●lgnals from the ~ix
●econdsry coils in the column Lkrlng our
ordtnary VM ~curmnts, signnls from the six

coils txcurred sequentially from bottom to lop’
1, 2. 3. 4, 5, 6, as =as ●horn in Fig lb. ~ut
with the valve field ●et high ●nough, nuclestton$

occurred zlthln the COIW. A typlasl resulting
●lgMl 10 ●how in the lrmet to Fig. 4; there, the
si~lm occurred in th,: order 2, 3. 1, 4, 5, 6,
and it 1s aasy to detemim tkt the nucleation
mJBt ?sve occurred a~where in the plane lmbel led
P m 30 hr in Fig. 4. ChIly three guch nucleations
were observed In tkt cell: their lo~tions ● re
rnrked in [ha fl~re

The four mecondnry coll~ in the cosmlr-rny
cell ●lso allowed ,Is to obtain lnforrmtlon 011

nuclea[lon lo-tlons, and wc collec[ed a large
amunr of daLa, ●horn in Fiu 5. shilr we were
looking for the cotm!c-ray colncldencet We built
the commlc-ray cell tifore we learned th: v

A.B 1’
•~ctd 10 de~~ srror@ly on A-ptmsr texture. so
there man no provim ion for con[rolllng ~he t?x(u~.

throughout -s! of (he ~lp. (in the VAB r~ll,

—-

.

4

. .

the A-phase texture sas well defined by the
prinmry CO I1” S ~etic field. ) Since VM may be

anistroplc with res~ct to texture by as much as a
factor of three [II], it IS impassible co tran-
slate the arrival tlrm differences shown in Fig 5
inlo nucleation loca IionE uruunbiguously, l-he data
are nevertheless Intriguing. Firstly. the fac[
ctmt [here are two major, bred peaks in the curve
of Fig. 5 show~ that the nuclaetions were not
simply occurring at the coldest psrl of {he cell
Second 1y, the ●xistence of the two peaks in the
data, but only one IarRe. open region in the CFII,
su~ests that the nuclaatlon loat ions were not
di~tributed throughout lhe cell in a spnt)ally
uniform way Appmrenlly there were two regions In
the cell where nucleations wst often occurred
This ●up~rts the musplclon thnt ●urfsices or
textures arc crucial parts of the nucleation
owchanlsm

We conclude with ● brief discussion of the
temperatures at which nuclaar tons occurred, We
show in Fig. 6 the nucleation te~ratures we have
observed in o,lr two cellm. ● t varlouo pressures,
ud ●lto nucl~tion temperatures observed in a
rotating fW7 ap~ratus in Helclnki (15], In the
fi~re ~ptlon =e llct the corsdltlons for aach of
the poin[m cm t~, plot. 11 is striking that the
nuclaat ton tenpratures varied so widely under
dlfferc~; circumstances. Equally ■trlklng i. [tic
facl ItmI for ● given oet of conditions. the
nurlaatlon temparmtures were very reproducible.

~“1

d

I

LPI. ,I
o d 4’

I

-100 -00 0 to 100 !s0

DIFFERENCE IN ARRIVALTIMLS(ms)
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for ●x,ample, the 537 mucl~t ions observed In our
cosmic-ray cell occurred at Tn/?M = 0.919 with a

o-dard deviation or only I,3z. Thsse clrsca
suggest tbt sssgnetic field strength ●xerts an
important influence on nucleation temperature,
with the nucleation te~rature be!ng suppressed

by ~etlc field far more strongl~ than the
wqulllbrlum tr~sltion temperature is ●ppressed
Symcerm3tic. accurate ~muremrnts of the mgnelic
field dependence or the nuc]aa~ion te~ra[ure my

be one key to the under scmnding of the nucleation

process.

1

. m

-.—

.

I

07 09 10
1= /lm

B-phatc nucl~t ion tem,wrature~ under ❑

varlely of clrcunmtancen. *uares
tnterrmctnl velocity cell. “’blow” the
valve field (ainter mmd thc~ trr),

O gaums. Trl~lem’ !nlerfaclal velocity
Cbll, “mLmve”’ the vmlve field

(mgnelcmnet~r column). l~gauss (30 and
34 Imr) and XW2 ~ums (25 kr) Clrclc
cocmic-ray celi, both ‘“ahvr” and “bsiow”
th? valve fle!d, O ~uss Horizon!nl

I Inen Helslnkl rotetlng NKR ●ppnrntun,

MD-Pi
We arr most gra[erul to the late Jotu-I

~-tley for inspiration and ■uppor[. We would

like to thank bug Osheroff for suggesting the
.+a]ve field, and Tony bggett, Sungkit yip, and
Grdon B+rym for sssny enlightening discussions
abou~ the A-B interface, Steve Boyd. who is
continuing th!s work, collected much of ~he da~a
with the cosmic-ray cell. This work is supp,~r led
by the Division of Maleriels science in ~E’s
Office of Basic Energy Sciences.
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